ABSTRACT: Analysis of post-emergent larval capelin Mallotus yrlJosus density in a small embayment in eastern Newfoundland during 1981 to 1983 demonstrated that as sampling scales approached those relevant to the larvae (ca 2 h, 200 to 400 m) the degree of positive association between microzooplankton and latvae decreased. Forty sequential estimates of post-emergent iarval mortality were not significantly correlated with either the density of edibie microzooplankton (90 to 130 prm size-classes), the density of potential predators (chaetognaths and jellyfish), or the density of other macrozooplankton. Correlatrons with potential predator densities, while insignificant, were positive. We suggest that positive correlations between predator density and mortality are more likely to occur when analysing fleld data that is collected near-instantaneously because of the near-instantaneous effect predators have on population losses relative to the longer-term cumulative effects that result from food limitation (starvation). There was no slgnificant relation between larval density and larval mortality and the hypothesis of density-dependent short-term mortality in post-emergent larvae was rejected.
INTRODUCTION
In his expansion of Hjort's (I9I4, 1926) Iarval mortality hypothesis, Cushing (1966 Cushing ( , 1972 proposed that recruitment in marine fish was a function of larval food availability and competition among larvae for food. Many authors have assumed or hypothesized that: (1) starvation is a key determinant of recruitment; (2) during early larva1 development food must be highly concentrated; and (3) survival is a density-dependent function of larval density and food concentration (Blaxter & Hempel 1963 , Cushing 1966 , 1968 , 7972, 1,974 a, b, Cushing & Harris 1973 , Harding & Talbot 1973 , Jones 1973 , Jones & Hall 1974 , May 7974, Harris 1975 , Lasker 1975 , Arthur 1976 , Hunter 1976 , Nelson et al. 1977 , Shepherd & Cushing 1980 , Hunter 1981 .
Several studies have demonstrated that recruitment variation is correlated with a variety of abiotic factors that influence egg and larval survival (Chadwick et al. Contribution to the programme of GIROQ (Group interuniversitaire de recherches oc6anographiques du Qu6bec) "
Correspondence to: Bedford Institute of Oceanography, Box 1006, Dartmouth, Nova Scotia B2y 4A2, Canada @ Inter-Research/Printed in F. R. Germany 1977, Leggett 1977 , Nelson et al. 1977 , Bakun & Parish 1980 , Bailey 1981 , Crecco & Savoy 1984 , Sinclair et al. 1985 , Peterman & Bradford 1987 . However, there is little direct fie.ld evidence that larval mortality is a function of biotic factors, particularly food abundance, and the indirect evidence is conflicting. Whl1e starving, emaciated, and dead larvae have been found in the ocean (Soleim 1942 , Shelbourne 1957 , Wiborg 1976 , O'Connell 1980 , Theilacker 1986 ), other researchers have found no evidence of starvation, no period that is detrimental to survival, and no lnrer-or intra-annual variation in larval condition (Vitela & Zijlstra 1971 , Walline 1985 . The co-occurrence of larvae and their prey is frequently well defined (Blaxter 1965 , O'Connell 1980 , Frank & Leggett 1982 , Fortier & Leggett 1984 , but is equally not well defined (Grauman 1973 , Iles & Sinclair 1982 , Gadomski & Boehlert 1984 , Houde & Lovdal 1984 , O'Boyle et al. 1984 , Sinclalr et al. 1985 , Ware & Lambert 1985 , Anderson & Gardner 1986 , Taggart & Leggett 1987a . Furthermore, the interpretation of the results of some studies concerned with the sympatry of larvae and their food has recently been challenged (Frank 19BB) . Finally, food Ievels ensuring high survival are often greater than Mar, Ecol. Prog. Ser. 47:21, 7987 ( LeBrasseur et al. 1969 , O'Connell & Raymond 1970 , Hunter 1972 , Houde 1978 , Lasker 1975 , Bjorke 1976 , Rosenberg & Haugen 1982 , Wroblewski 1984 , or less than (Dementyeva 1958 , Murphy 1961 , Waldmann 1961 , Cushing 1983 , Peterson & Ausubel 1984 , Houde & Lovdal 1985 those found at sea. The evidence supporting density-dependent larval mortality is equally inadequate (Ware 1975 , Rothschild 1986 , partly because this form of population regulation during early larval development, if it exists, is obscured by the statistically dominant density-independent effects of abiotic factors (Sissenwine 1gB4). Moreover, researchers are seen to 'have been content to state the existence of density-dependence rather than measure it' (Cushing 7974a, p. 0B). Hempel (1963 Hempel ( , 1965 outlined various factors to be considered when studying the concept of density-dependent mortality in larval fishes (density and size of larvae relative to their prey, dispersion of larvae relative to their prey, reiative residence time of larvae and their prey in a water mass etc.), yet they have received remarkably little attention (Jones 1973 is an exception). Competition for food has been ruled out as a factor influencing mortality in some studies (Rosenthal & Hempel 1971 , Cushing 1983 , Houde & Lovdal 1985 , yet in others there is the suggestion of both inter-and intra-specific competition for larval food (Fraser 1970 , Moller 1980 , Kane 1984 , Frank 1986 ). Food availability obviously can affect larval mortality, but the form of the relationship between food availability and realized mortality remains uncertarn as does the relationship between food availability and recruitment (May 1974 , Leggett 1986 ).
In studying the population dynamics of larval capelin Mallotus villosus in eastern Newfoundland we have demonstrated that: (1) unbiased abundance estimates of larvae and other planktonic taxa can be obtained coincidently (Taggart & Leggett 1984); biases in the estimates attributed to sampling design and larval behaviour can be taken into account (Taggart & Leggett 1987a) . In the companion paper (Taggart & Leggett 1987b) we provide the results from a study designed to measure the abundance of larval capelin during the initial stages of oceanic drift which were used to derive multiple estimates of immigration-emigration corrected short-term mortality, In this paper we address 3 primary questions: (1) Are post-emergent capelin larvae consistently associated with edible microzooplankton? (2) Is the variation in short-term larval mortality explained by variation in the density of microzooplankton (potential food)? (3) Is larval mortality related to larval density? Although our sampling protocol was not specifically designed to do so, we secondarily investigated the relationship between larval mortality and the density of macrozoopiankton (potential predators).
MATERIALS AND METHODS
The study was conducted at Bryants Cove (47" 40.5, N, 53' 11.0' W) , Conception Bay, Newfoundland. A total of 1634, 283, and 1.622 zooplankton collections were made in Bryants Cove between June and August of 1981 , and 1983 respectively. Collechons were made at least daily (with few exceptions) to depths of 9 m at a suite of 6 or 16 stations in Bryants Cove using a customized plankton pump and an B0 prm mesh net (Taggart & Leggett 1984) . Details of the study site, sampling design, and sampling methods are provided in Taggart & Leggett (1987a, b) .
All zooplankton collections were sorted for flsh lar_ vae and macrozooplankton. -fhe 1,2 macrozooplankton classes removed and enumerated were capelin larvae, non-capelin larvae (mainly herring Clupea harengus), chaetognaths, jellyflsh (mainly Rathkea, Bougainvillia, and Aglantha spp,), and larger individuals (>750 prm) of hyperiid amphipods, crab zoea and megalops, euphausiids, Oikopleura sp., cyprid larvae, fish eggs and copepods. The remainder of each collection was filtered through a 750 prm mesh sieve and the retalned individuals were counted and removed, The fraction <750 prm was subsampled and 10 equivalent spherical diameter (esd) particle size-classes (75 to 394 um) were enumerated with a TA-II Coulter Counter as in Taggart & Leggett (1987a) . Estimates of size-class biomass (t S 1-t) were made by multiplying the count in each size-class by the volume of each class assuming 1 g cm r density, In this paper the sum of the 90 to 394 pm esd size-classes is termed 'total particles,, and the sum of the 90 to 130 pm esd potential prey classes (Taggart & Leggett 1987a ) is termed 'edible particles,.
Chaetognaths and jeltyfish were considered potential predators.
The bias-corrected abundance (N and NE) and daiiy and instantaneous mortatity estimates (M5 and z5) for capelin larvae, and rates of larval immigration from the beach in 1982 and 1983, were taken from Taggart & Leggett (1987b) . Nearshore water temperature data were collected in 1982 and 1983 with an Aanderaa RCM4 current meter moored at 4.5 m depth (Taggart & Leggett 1987a) . Temperature records were not available for 1981.
Analysis. We performed correlation analyses on the density estimates of capelin larvae with zooplankton particle size-classes and with the density of the other plankton groups in all collections to assess small-scale associations between post-emergent larvae and their potential prey, and secondarily to identify patterns of association with other groups in the planktonic community. Significance was conservatively assessed (ag.e1) because of the large sample size. As the results of the analysis were influenced by temporal variability, we performed a correlation analysls between the density of capelin larvae and the density of edibie particJ.es collected during each sampling survey. Subsequently a similar analysis was performed with the effects of over-dispersion reduced by using the geometric average of the density estimates. A constant of 1.0 was added to all density estimates prior to the logarithmic transformation because of zero abundance for some groups in some collections. The correlation structure between the various groups and temperature in 1982 and 1983 was also examined to assess the influence of temperature, and hence water mass type, on community associations identified by Frank & Leggett (1982 , 1983a ).
We performed a correlation analysis of daily larval mortality (M5) and instantaneous mortality (25) with the geometric average density of edible particles for each sampling survey interval in 1982 and 1983 to assess the relationship between larval mortality and the density of larval prey. The geometric average densities of the other plankton groups were also examined for significant correlations with larval mortality. There were no M5 or 25 estimates in 1981 (Taggart & Leggett 1987b) .
Density-dependent mortality was assessed first by examining the relationship between mortality and larval density, and second by employing the Varley & Gradwell analytical technique (Varley & Gradwell 1960 , Varley et al. 1973 , Southwood 1978 . The latter requires a 3-step series of regression analyses of measures of the target population density over the time interval between sequential sampling surveys (tz-tr). The first analysis is the regression of k on the logarithm of the immigration-emigration corrected larval density expected in the absence of mortaiity (NE) where:
and where N : observed larval density. Densitydependence is suspected if there is a statistically significant relation. However, as the 2 variates in the regression are not independent, log N must be regressed on log NE and vice versa. Density-dependence is formally demonstrated if both regressions result in slopes (b and b') that are significantly different from 1.0, and both b and 1/b' are )1.0 or <1.0 (Southwood 1978) .
As the time interval between sampling surveys ranged between 6 and 24 h, the estimates of N were standardized to a 72 h interval by using the lnstantaneous mortality estimate (25) from Taggart & Leggett (1987b) :
RESULTS

Overview of major zooplankton groups
The average density of post-emergent capelin larvae showed intra-annual variation of 1 to 2 orders of magnitude in each year (Fig. 1 ). The average annual density increased sequentially from 20 Io 42 m 3 from 1981 to 1983 (Table 1 ). The average densities of edible particles (90 to 130 pm esd) and total plankton particles (90 to 394 pm esd) were less variable ( Fig. 1) . The magnitude and frequency of variations in these 2 sizeclass groupings increased sharply from 1981 to 1983.
The maximum density of both groups were similar in 1981 and 1982, but the averages in 1981 were ca 30 7o lower than in 1982 (Table 1) . The density and biomass of edible and total particles also displayed a sequential annual increase. However, where the edible size-class represented 71 and 29% of the total density and biomass respectively ln 1981, it represented only 63 and 16 7o respectively in 1982 and 1983. The density of copepods in the >750 pm size-class exhibited intra-annual variations similar to those of capelin ( Fig. 1) , but annual averages were relatively constant ( Table 1 ). The average densities of chaetognaths and jellyfish exhibited intra-annual fluctuations of nearly 3 orders of magnitude in both 1982 and 1983 (Fig. 1) , and their average density was 7 to 9-fold greater than in 1981 (Table 1) , The density of noncapeli.n larvae was less variable within years ( Fig. 1) and their annual averages showed no trend (Table 1) , An inspection of the time-series in Fig. 1 reveals associations between the density of several planktonic groups and variations in water temperature in 1982 and 1983. Capelin density and edible and total plankton particle size-class densities appeared to be positively associated with temperature and the density of jellyfish and chaetognaths appeared to be inversely related. These observations are consistent with earlier findings (Frank & Leggett 1982 , Taggart & Leggett 1987a ).
Small-scale associations
Capelin larvae were significantly and positively correlated with the edible particle size-classes among all collections taken in the 3 yr (Fig.2 ). There was a (Fig. 3) , Although only 30 % of the correlations were significantly positive the frequency distribution of the coefficients were negatively skewed. The time series of the correlation coefficients revealed no systematic variation with either temperature or wind velocity (Taggart & Leggett 1987a ), cape).in abundance, partlcle abundance or copepod abundance.
Large-scale associations
Correlation anaiysis of the geometric average capelin density with the above plankton groups for each sampling survey (Fiq. 4a) revealed results similar to the analysis of independent samples (Fig. 2) . However, capelLn density was significantly and decreasingly correlated with the 90, 108, and 130 pm esd piankton size-classes only in 1 982 and 1 983. Capelin were positively correlated with non-capelln larvae and negatively correlated with chaetognathsinboth of 1982 and 1983. Capelin were also negatively correlated with jellyfish ln 1983.
The correlations between capelin density and the other planktonic groups were partially explained by the correlation between water temperature (a good measure of water mass type; Taggart & Leggett 1987 ) and the various groups (Fig. b) . The 90, and 108 prm esd particle size-classes and capelin larvae were positively and significantly correlated with temperature, and again a decreasing trend in the magnitude of the correlation coefficient from small to large plankton was apparent, Chaetognaths were negatively correlated with temperature in both years, whereas coefficients for jellyfish and copepods in the >750 prm size-class showed variation among years. There was no significant change in the correlation structures presented above when the data were assessed using Spearman-rank and Kendali-tau correlation analysis, This comparison of correlation analyses is consistent with the correlation analyses of other planktonic communlties (Haury & Wiebe 1982) . 
Mortality correlates
Correlation analysis between 36 biological variates (including density estimates of 11 macrozooplankton groups and 11 microzooplankton size-classes, 11 microzoopiankton size-class biomass estimates, larval immigration rate, and initial and final post-emergent larval density) with daily larval mortality (M5) and instantaneous mortality (25) from the combined 1982 and 1983 data revealed only crab megalop density to be marginally correlated with daily mortality [r2 : 0.10, p : 0.043). This is far less than would be expected from chance alone at a6.s5. The correlation between crab megalops density and mortality has little biological meaning because crab megalops were present in only 12 of the 99 sampling surveys in 1982 and 1983. Analysis of the data for each year independently yielded no significant correlates in the 1983 data (n : 28). In 1982 (n -12) daiiy mortality was positively correlated 1r2 : 0,37, p : 0.036) with the immigration-emigration corrected larval density expected (NE), and with the rate of larval immigration from the beach (r2 : 0.52, p -0.008). These 2 correlations are consistent with the hypothesis of density-dependent mortality occurring in 1982.
The above correlation analyses were performed on the densities of the various planktonic groups expressed as the average of density estimates from sequential (t1 to t2) sampling surveys (the beginning and the end of each sampling interval) which were used to estimate larval mortality. It was therefore reasonable to expect that the initial densities (at t1) of the plankton groups would be more directly related to mortality, particularly as there were large changes in the densities of several groups between sequential estimates (Fig. 1) . However, no significant correlates were identified when the analyses were repeated using the initial densities of the plankton groups. In the above analyses the densities of potential predators (jellyfish and chaetognaths) were positively correlated with capelin mortality, though never significantly. Examination of partial correlation coefficients provided no additional insight.
Density-dependence
There was no significant relation between k (the iogarithm of the density of surviving larvae) and log NE1, in 1982 or 1983 or when the data from both years were combined (Fig. 5a, Table 2 ). Such a relation is a prerequlsite to the demonstration of density-dependent mortality (Varley et al, 1973) . Re-analysis with 2 (presumed to be anomalous) data values from 1gB3 removed resulted in a slight but insignificant improvement in the relation (Table 2) . Nevertheless, we proceeded with the regression analysis of N1, (observed Iarval density) on NE., (expected larval density in the absence of mortality) and vice versa. This analysis resolved significant relations in both 1982 and 1983, and in both years combined (Fig. 5 b) . However, oniy in 1982 and in both years combined, and only then with the presumed anomalous data points removed, were the slopes of N1, on NEr, and NE1, on Nr, marginally different from 1.0 (Table 2 ) -the second requisite for a demonstration of density-dependent mortality. OnIy in 1982 were the slopes of the inversed regressions on the same side of 1:1 (i.e. b > 1.0 and 1/b'> 1.0), the third requisite for demonstrating density-dependent mortallty. The results of this study illustrated that post-emergent capelin larvae were associated with the abundance of food-sized plankton at large scales, but were not consistently associated at smaller scales. For all collections made within 1982 and 1983, the larvae and edible plankton partlcles were significantly and positively correlated, and the geometric averages of the 2 groups in each sampling survey were also significantly correlated in each year. These findings are consistent with those of Frank & Leggett (1986) . However, at the smailest resolvable scales (200 to 400 m horizonta1, 2 to 4 m vertical, 2 h time) represented by each plankton sample collected in a single sampling survey, capelin larvae and the edible particle size-class were positively and significantly correlated in only 30 % of the cases. The correlation coefficients were, however, positive in more than 70 7o of the cases.
These results demonstrate that as the time and space scales of sampling approach those relevant to the ambit of the larvae, the posi.tive associations between microzooplankton and larvae become less defined. Houde & Lovdal (1985) , working at even smaller scales, found bay anchovy Anchoa mitchilli abundance not to be significantly correlated with microzooplankton abundance and concluded that the lack of association resulted from the near-random distribution of microzooplankton relative to the more contagious distribution of the larvae. Fluctuations in larval capelin and microzooplankton abundance in the St. Lawrence River were coincident only at long periods (>12 h) and at large scales (>1 km), and no association between larval capelin and microzooplankton abundance was identified at smaller scales (Courtois et al. 1982 , Fortier & Leggett 1984 . The absence of small-scale (high frequency) association was also evident in the weak spectral coherence between the abundance of capelin larvae and microzooplankton in 1983 (Taggart & Leggett 1987a) . Although synchronous oscillations in microzooplankton and larval abundances were shown to occur in that study, the variations in abundances of the 2 taxa were not proportional. We conclude that there is no pronounced tendency for early drift capelin larvae to be coincident with microzooplankton at small scales (< 1 km; <12 h\, either in water masses that are windforced (Bryants Cove), or in those that are tidally-f orced (St. Lawrence River).
The findings reported here must be viewed in relation to the total plankton community and to the scale of the observations. The decreasing strength of correlations of larval abundance with increasing plankton particle size-classes at larger scales strongly suggest that the significant positive correlations are more than just chance events. Frank & Leggett (1982) have noted that the warm surface waters advected shoreward during onshore winds stimulate the ernergence of capelin larvae. This water is rich in the smaller edible zooplankton, and depauperate in larger zooplankton. The positive correlations identified in this study are consistent with the view that capeiin larval emergence is an active response to a reliable largescale environmental cue and at this larger scale the Iarvae become associated with a 'safe site' (Frank & Leggett 1983b .
Mortality relationships
Daily mortality estimates of post-emergent larval capelin (M5) were neither significantly correlated with the density of the edible plankton size-classes (90 to 130 pm esd), nor with the density estimates of other planktonic groups. These findings lead us to reject the hypothesis that short-term mortality in post-emergent larval capelin is related to the density of food (90 to 130 pm esd) at scales of 1 km and 6 Io 24 h. This conclusion is important for 2 reasons. First, this is the first study where highly variable multiple short-term mortality estimates (3 to 100 % d 1) have been obtained in the fieid with minimum sampling bias, and where edible plankton density was also highly variable (2 to 280 particles l-1). Failure to find significant mortality correlates under these conditions argues for a reconsideration of the general hypothesis that early larval mortality is strongly food related (May 1974 , Hunter 1981 . However, it is entirely possible that variations in food abundance relative to the abundance of different subpopulations may influence sub-popuiation mortality at a later stage. Lambert (1984) suggested that different Iarval cohorts may experience differential cumulative mortality over the full larval period so that only a few of many cohorts make significant contributions to recruitment. Lambert's hypothesis could expiain why mortality estimates derived from most surveys do not effectively predict recruitment because of their large spatial and temporal scales.
Daily mortality was not significantly correlated with the abundance of potential predators (chaetognaths and jellyfish). However, because potential predator density was always positively correlated with mortality it is consistent with ihe hypothesis that predators regulate larval survlval (May 1974 , Hunter 1976 , Moller 1980 , Bailey 1984 , Brewer et al. 1984 . The positive trend is also consistent with the positions of Lambert (1984) and Hewitt et al. (1985) who argued that a sequencing of predator-induced and food-limited mortality contributes to the realized mortality during early larval development.
We view the above interpretation of trends in correIations with caution, not only for statistical reasons, but also because of the very nature of starvation and predation processes, and the potentially misleading inferences that may be drawn from a correlation analysis of abundance data that is coilected near-instantaneously. Starvation is a continuous phenomenon projected over a relatively long period (days) which culminates in the loss of individuals from the population either through death and decomposition or though starvation-enhanced predation. Predator-induced losses are nearrnstantaneous in their effect on population size, regardless of the health of the prey population. Therefore, when analysing mortality estlmates that are determined near-instantaneously over very short intervals (as in this study), the probability of finding a correlation between mortality and a near-instantaneous effect (predation) is greater than the probability of finding an equivalent or stronger correlation between mortality and a cumulative effect (food limitation and starvation). This is particularly interesting because in Bryants Cove, and elsewhere, it has been demonstrated that the potential predator field does not overlap the immediate post-emergent larval field (Frank & Leggett 1982 , yet short-term mortality in this study tended toward a positive relation with the abundance of potential predators. The increased probability of finding a correlation between predator abundance and mortality will simply fuel the current interest in assessing predator impact on mortality (perhaps the proximate cause of mortality), in lieu of food limitation (perhaps the ultimate cause of mortality), even though the cumulative impact of predation may be slight relative to food limitation. The phenomenon could be assessed initially by testing the hypothesis that predation effects should be observed more frequently, relative to starvation effects, in larval fish species with a long starvation point-of-no-return, while larvae with short point-of-no-return starvation should more frequently be observed to suffer food-related mortality. It could also be assessed by the m sifu tracking of a larval population and by coincidently sampling the larval population size and health, and its predator ancl prey fields over time in a manner similar to that employed by Shelbourne (1957) and Fortier & Leggett (1985) .
Density-dependent mortality
Density-dependence did not appear important in explaining the observed mortality of post-emergent capelin larvae. This is an important result because the average densities of larval capelin observed varied by more than an order of magnitude, and the highest densities observed (>3000 m-3 in a single sample) were far greater than those frequently reported for marine fish larvae. Hence, if density-dependence was important during the immediate post-emergent period it should have been readily apparent. This does not mean that density-dependence may not be more readily observed or important at some later stages of deveiopment (Shepherd & Cushing 1980 , Cushing 1983 , but its importance during the early drift stages appears to be minimal, or at best 'density vague' (Strong 1984).
CONCLUDING REMARKS
We have shown that adequate, unbiased, high resolution collections of larval fish, and their food can be made simultaneously (Taggart & Leggett 1984) . We have further demonstrated that the data derived from those collections can be successfully integrated and analysed along with the prevailing physical dynamics of the environment (Taggart & Leggett 1987a) . Subsequently, by using the multiple mortality estimates of larval capelin, corrected for immigration and emigration of individuals into and out of the target populations (Taggart & Leggett 1987b) , we have demonstrated that: (1) larvae and their prey were coherent ln time and in space at scales of days and kilometers and that the coherence was largely determined by the physical dynamics of the environment (see Taggart & Leggett 1987a) ; (2) at finer scales (ca 2h,200 to 400m) the association between larval and prey densities was significantly reduced; (3) there was no significant relation between larval mortality and edible plankton sizeciasses which is consistent with (2) above; (4) there was no significant relation between larval mortality and the density of potential predators; and (5) there was no significant relation between larval mortality and larval density.
The long-standing hypotheses relating food availability and density-dependence to the short-term mortality of Iarval fishes during early drift should be reconsidered because the time and space resolution of this study was greater than any previously achieved and was within the limits specified as necessary to resolve the relations sought (Smith 1978 , Sharp 1980 , Fortier & Leggett 1985 . Moreover, biases due to immigration and emigration, sampling, and the effects of behavlour and physical processes were minimized. This conclusion is consistent with the 70 yr of studies that have repeatedly failed to provide unequivocal support for the hypotheses (May 1974 , Leggett 1986 
